Abstract-Studies were undertaken to assess sorption of seven endocrine-disrupting chemicals (EDCs), namely, estrone (E1),
INTRODUCTION
Effluent from wastewater treatment plants (WWTP) is increasingly being reclaimed, recycled, and reused for various purposes in many countries [1] . In some parts of the world, especially in arid areas, reclaimed water has been recognized as a valuable resource for irrigating crops. For example, approximately 14% of treated effluents are reused for irrigation in Australia. Wastewater effluents from WWTPs contain toxic organic and inorganic chemicals and pathogens, which can potentially pose risks to the environment and public health and therefore need careful management [2, 3] . An emerging waterquality issue is the presence of endocrine-disrupting chemicals (EDCs) in wastewater, which can interfere with the normal functioning of hormone systems in humans and wildlife [4, 5] . It is essential to understand the fate and behavior of EDCs that may be present in effluents associated with water reuse, in order to assess their potential impacts on soil, surface water, and groundwater resources.
Seven representative EDCs were chosen in this laboratory study: natural estrogenic steroids estrone (E1), 17␤-estradiol (E2), estriol (E3), synthetic steroid 17␣-ethynylestradiol (EE2), and industrial chemicals bisphenol A (BPA), 4-tertoctyl phenol (4-t-OP) and 4-n-nonyl phenol (4-n-NP). Steroid hormones as well as phenolic compounds (BPA, OP, and NP) have been found in sewage effluents at concentrations ranging from nanograms per liter to micrograms per liter [6] [7] [8] [9] . The degradation of these EDCs in the soil environment has been reported by various workers [10] [11] [12] [13] [14] [15] [16] [17] . In those studies, rapid dissipation of E2 and EE2 and alkylphenols in soils and landapplied sludge was observed under aerobic conditions; but little information is known about movement as well as deg-radation behavior of these EDCs in soil under different environmental conditions, especially anaerobic conditions. Environmental conditions, especially redox conditions in natural soils, vary with weather and agricultural usage. Different wastewater application techniques used on land (e.g., nonflooded vs flooded soils) may create aerobic or anaerobic conditions, which will have different impacts on the behavior of these contaminants in soil environment. They may accumulate in soil, leach into groundwater, or move to surface water, thus affecting the environment. Little information is known about the mobility of these EDCs in soil and degradation under different redox conditions. Therefore, this study was designed to investigate the sorption of seven EDCs (E1, E2, E3, EE2, BPA, 4-t-OP, and 4-n-NP) on four soils and biodegradation of five EDCs (E2, EE2, BPA, 4-t-OP, and 4-n-NP), including biotransformation of E2 to E1 in a loam soil under aerobic and anaerobic conditions.
MATERIALS AND METHODS

Chemicals
Hormone steroids, estrone (E1), 17␤-estradiol (E2), estriol (E3), and 17␣-ethynylestradiol (EE2) were obtained from Aldrich (Sydney, Australia). While 4-t-OP was obtained from Chem Service (Sydney, Australia), bisphenol A and 4-n-NP were purchased from Fluka (Riedel-de Haën, Sydney, Australia). The physiochemical properties of these chemicals are given in Table 1 . N-methyl-N-(trimethylsilyl)-trifluoroacetamide, used as a derivatization reagent, was purchased from Aldrich, whereas pentachloronitrobenzene used as an internal standard was purchased from Chem Service. The high-performance liquid chromatography grade hexane, acetone, methanol, and acetonitrile were obtained from BDH (Adelaide, Australia). Stock solutions (100 mg/L) of each standard, as well as mixtures, were prepared in acetone. 
Soils and water
Four representative soils used in this study were collected at a depth of 0 to 15 cm from agricultural land in South Australia: Roseworthy Campus (RC), Roseworthy Farm (RF), Terretfield (TF), and Waite Campus (WT). A sandy loam (RF), which is the main type of soil in South Australia, was collected from Roseworthy Farm and used in degradation studies; and river water used to create anaerobic conditions in the degradation studies was from a small creek on the farm. Selected soil and water properties were determined and are given in Table 2 . Soil pH was measured in a 1:2.5 w/v soil to 0.01 M CaCl 2 solution using a pH meter, while soil organic carbon was determined by a LECO carbon and nitrogen analyzer (St. Joseph, MI, USA). Soil particle-size distribution was analyzed by using the pipette method [18] .
Sorption test
Sorption coefficients of the seven EDCs (E1, E2, E3, EE2, BPA, 4-t-OP, and 4-n-NP) on four soils were measured using a batch equilibrium method. Our previous study [19] showed sorption of the EDCs reached equilibrium within an hour. Based on the study, 2 g of soil was weighed into each 250-ml glass bottle; 200 ml of water was added into each bottle. The concentration of each compound in the solution was 50 g/L for 4-n-NP and 25 g/L for the rest. The soil solutions were equilibrated by shaking in a mechanical shaker for 2 h. After equilibration, the bottles were centrifuged at 3,000 rpm for 30 min. After centrifugation, the supernatants were further filtered through Whatman glass fiber filters (GF/C; Adelaide, Australia). The filtrates were then analyzed by Varian highperformance liquid chromatography (Melbourne, Australia) with online solid-phase extraction and a fluorescence detector [20] . All tests were done in triplicate.
The sorption coefficients (K d ) and organic carbon sorption coefficients (K oc ) were calculated using the following two equations:
where S is the concentration of a compound adsorbed by the soil (mg/kg) and C is the equilibrium solution concentration (mg/L).
Biodegradation experiments
Five compounds (E2, EE2, BPA, 4-t-OP, and 4-n-NP) were selected for biodegradation studies from the seven EDCs, except for E1 and E3 due to potential transformation between three estrogens (E1, E2, and E3). Biodegradation of the five EDCs in soil was undertaken under aerobic and anaerobic conditions. In the laboratory experiments, for aerobic study, fresh soil (5 g) was weighed into 100-ml Schott bottles without addition of creek water, while for anaerobic study, 5 g of soil and 5 ml of creek water were weighed into Hungate anaerobic culture tubes (16 ϫ 125 mm) to make slurry. Half of the bottles (or tubes) were sterilized by autoclaving at 120ЊC under 300-kPa chamber pressure for 30 min three times within 3 d, and used as controls. The concentration of individual EDC applied to soils was 1 g/g by adding into each vessel 50 l of the mixed stock solution with a concentration of 100 mg/L for each compound. After spiking, the contents in each vessel were mixed with a vortex mixer. The incubation temperature for all experiments was 20ЊC. The concentrations of all five EDC compounds were monitored on days 0, 1, 3, 7, then weekly until 70 d. All experiments were performed in duplicate, and duplicate sterile controls were monitored at the same times.
All anaerobic manipulations were performed inside an anaerobic incubation chamber, described briefly as follows: The Hungate tubes were placed into an anaerobic incubation chamber filled with nitrogen gas. The lids of these tubes were loosened to facilitate gas exchange. Resazurin was added at a concentration of 0.0002% into two tubes as a redox indicator. The reducing conditions in the tubes were seen to have been reached when resazurin turned from a red color to colorless. Once the anaerobic conditions were reached, the chemicals were spiked into each tube at the selected concentration (1 g/ g), and the lids of all tubes were tightened after spiking. Then all the tubes were incubated in the same chamber as in the aerobic study. Two tubes were sacrificed from every treatment at each sampling time. Table 2 for definitions of soils and Table 1 for definitions of the endocrine-disrupting chemicals.
Extraction and analysis
shaking for 2 h each time. The extracts were dried under a gentle nitrogen stream and redissolved in 20 l of acetonitrile. The extracts were derivatized with 100 l of N-methyl-N-(trimethylsilyl)-trifluoroacetamide for 1 h at 80ЊC. After derivatization, internal standard pentachloronitrobenzene in hexane was added to each vial to a final volume of 1 ml. Gas chromatography-mass spectrometry (Agilent 6890 GC and 5972 MSD) was used to analyze for the six EDCs, including E1, which is a degradation product of E2. Splitless 1-l injections were made onto a HP-5MS column (30 m ϫ 0.25 mm i.d., 0.25 m film thickness) at a constant flow rate of 1.1 ml/min. The gas chromatography oven was programmed from 120ЊC to 190ЊC at 10ЊC/min and then ramped to 300ЊC (5 min) at 3ЊC/min. The total run time was 50.67 min. The injector and interface temperatures were 280ЊC. The mass spectrometer was operated in electron-impact mode using selected ion monitoring. The target ions used for quantitation were m/z 179 for 4-n-NP, 207 for 4-t-OP, 357 for BPA, 257 for E1, and 285 for E2 and EE2. The detection limit for each compound was 5 g/L. Preliminary spiking experiments established that the extraction recoveries from these soils and sediments for BPA, E2, E1, EE2, 4-t-OP, and 4-n-NP were all more than 80%.
Analysis of variance was used to analyze the experimental data. Degradation half-lives for the five compounds in the soil were calculated based on the first-order reaction kinetics.
RESULTS AND DISCUSSION
Sorption
Sorption coefficients (Table 3 ) measured on four different soils showed that BPA had the lowest K d values, with an average of 20, while 4-n-NP had the highest K d values, with an average of 1,375 L/kg. Among the four steroids, EE2 had the strongest adsorption, with its K d values ranging from 62 to 122 L/kg, and E3 had the weakest adsorption on the soils, with its K d values ranging from 9 to 68 L/kg, which is consistent with the their physiochemical properties ( Table 1) .
Analysis of variance analysis showed significant differences of K d values between the five compounds (F ϭ 237, p Ͻ 0.05) and among the four soil types (F ϭ 23, p Ͻ 0.05). From Table 3 , we found that K d values of these seven EDCs increased with the organic carbon contents in the soils. The other soil properties had little effects on K d values of these seven EDCs in the soils. Soil organic matter has been shown to be highly correlated with chemical sorption [21, 22] . Thus, sorption of a chemical on soil can be expressed by the organic carbon sorption coefficient (K oc ), which is obtained by normalizing sorption from a total soil basis to an organic carbon basis and is generally regarded as independent of soil for nonionic compounds. The K oc values for the seven EDCs on average ranged from 962 L/kg for BPA to 78,035 L/kg for 4-n-NP. The sorption of the seven EDCs on soil are in the following order: 4-n-NP Ͼ 4-t-OP Ͼ EE2 Ͼ E2 Ͼ E1 Ͼ E3 Ͼ BPA. This sorption test suggests that BPA is most mobile, estrogens are moderately mobile, and alkylphenols are least mobile in the soils.
Degradation in soil
All five EDCs (E2, EE2, BPA, 4-t-OP, and 4-n-NP) in the nonsterile aerobic soil degraded almost completely (Ͼ90%) within 15 d after treatment (DAT) (Fig. 1) . The half-lives for these five compounds were 3, 4.5, 7, 5, 4.6 d for E2, EE2, BPA, 4-t-OP, and 4-n-NP, respectively, based on the first-order reaction kinetics. However, little or no degradation occurred for the five EDCs in the sterile soil within 70 DAT (Fig. 1) . This suggests the rapid degradation of these five EDCs in the nonsterile aerobic soil was mediated by microbial activity. The metabolite E1 (from E2) was also detected in the nonsterile soil, with the highest concentration of about 0.3 g/g at 1 DAT, then declined to less than 0.1 g/g by 3 DAT.
In contrast, the five EDCs showed different degradation behavior in anaerobic soil (Fig. 2) . No decrease in the concentrations of the EDCs, except E2, was observed in the nonsterile soil within 70 d of incubation. The compound E2 was found to degrade slowly in soil, with an estimated half-life of 24 d. Its metabolite E1 was also detected under the anaerobic conditions. Estradiol concentration in the soil decreased from about 1 g/g at day 0 to 0.1 g/g at 70 DAT, while E1 concentration increased steadily to a concentration of about 0.5 g/g at 49 DAT. No significant degradation for all EDCs was observed in the sterile soil. This suggests microbial process was responsible for the slow dissipation of E2 in the nonsterile soil under anaerobic conditions. The present study demonstrated that all five EDCs (BPA, E2, EE2, 4-t-OP, and 4-n-NP) degraded in the soil under aerobic conditions but persisted under anaerobic conditions, except for E2, showing slowing biodegradation. Estradiol was biotransformed into its metabolite E1 under both aerobic and anaerobic conditions. Biotransformation of E2 to E1 has been reported in activated sludge [23, 24] and soil [10] and river water [25] . The biodegradation of E2 appeared to initiate at C-17 of ring D in E2, leading to the formation of a keto group at the same position. The present experiments also showed that E2 degradation was rapid under aerobic conditions, with a concurrent formation of its metabolite E1 (Figs. 1 and 2) . Estrone showed rapid degradation in the soil; this suggests that E1 is inherently degradable. Under anaerobic conditions, E2 showed longer degradation times, as demonstrated by our experiments using soil, as well as in the study using activated sludge [24] .
Synthetic steroid hormone EE2 has been reported to be degraded in river water [25] and seawater [26] , in soil [11] , and in marine sediment [26] under aerobic conditions. The degradation of EE2 was found to be faster in soil than in the Fig. 1 . Biodegradation of the selected endocrine-disrupting chemicals in a loam soil under aerobic conditions. Sterile control samples were used as a comparison in the study. Standard deviations are given in the graph. BPA ϭ bisphenol A; E2 ϭ estradiol; EE2 ϭ ethynylestradiol; OP ϭ 4-t-octylphenol; NP ϭ 4-n-nonylphenol. Fig. 2 . Biodegradation of the selected endocrine-disrupting chemicals in a loam soil under anaerobic conditions. Sterile control samples were used as a comparison in the study. Standard deviations are given in the graph. BPA ϭ bisphenol A; E2 ϭ estradiol; EE2 ϭ ethynylestradiol; OP ϭ 4-t-octylphenol; NP ϭ 4-n-nonylphenol.
other types of media in the above studies. This is supported by the results of the present study, with EE2 being rapidly dissipated in the loam soil. However, EE2 was found persistent in the anoxic soil for the present study. Our previous study [19] , using aquifer materials, also showed stability of EE2 in aquifer whether under aerobic or anaerobic conditions. Although EE2 has a similar chemical structure to E2, it also contains two quaternary carbon atoms, which make it more resistant to microbial degradation.
Bisphenol-A, which is a commonly used industrial chemical, was found in this study to degrade in the soil under aerobic conditions (Fig. 1) . Aerobic biodegradation of BPA has previously been reported in river water and seawater [26] [27] [28] . A longer acclimation period may be required for microbes to biodegrade this chemical, as found in these studies. Under aerobic conditions, BPA degraded rapidly without a lag phase in the soil, probably due to more active and diverse microbial community and richer nutrients in the soil. No degradation of BPA was found in the soil under anaerobic conditions for the present study. Similarly, no loss of BPA was observed in es- Table 2 for definitions of soils and Table 1 for definitions of the endocrine-disrupting chemicals.
tuarine sediments under anaerobic conditions [29] . The present and previous studies show that BPA will accumulate in anoxic environments. Alkylphenols have been widely detected in different environmental compartments [30] [31] [32] [33] . The alkyl chain structure of these compounds has a great impact on their degradability in the environment. 4-n-Nonylphenol is more amenable to biodegradation than 4-t-OP under aerobic conditions due to its straight side chain. Because the degradation products of commercial surfactants alkylphenol polyethoxylates are mainly branched alkylphenols, their behavior should be more similar to that of 4-t-OP rather than 4-n-NP. However, the findings in the present study demonstrated rapid aerobic degradation of both alkylphenols (4-t-OP and 4-n-NP) in the soil, but they persisted in the soil under anaerobic conditions.
The present study clearly demonstrated that aerobic conditions are more favorable than anaerobic conditions for the degradation of the five EDCs. This study also indicates that these EDCs that may be present in reclaimed wastewater used for irrigation are not likely to accumulate in well-aerated soil. Because of their hydrophobic nature (Tables 1, 3 , and 4), these chemicals, especially alkylphenols and estrogens, are expected to adsorb on to the organic matter in surface soil and degrade rapidly under aerobic conditions. It can be concluded that the five EDCs are unlikely to persist in an aerated soil environment. However, all five EDCs except E2 can persist in an anoxic environment. Those compounds persisting in anaerobic soils may affect soil ecosystems. Further research is needed to understand their impact on soil microbial communities and groundwater quality.
